CANGA AND SIMILAR ECOSYSTEMS WORLD-WIDE
=======================================

In Brazil term canga refers to the ecosystem associated with superficial iron crust and present in the states of Minas Gerais (MG; Quadrilatero Ferrifero) and Para (Serra de Carajas; **Figure [1A](#F1){ref-type="fig"}**; **Table [1](#T1){ref-type="table"}**). Literally translated MG stands for "general mines" reflecting strong ties to the mining industry due to its rich mineral deposits. The iron quadrangle (IQ) covers approximately 7200 km^2^ with the superficial iron crusts distributed on the tops of mountains at altitudes ranging from 1000 to 2000 m above the sea level. The total area covered by canga in the IQ is relatively small, approximately 100 km^2^ ([@B11]), and dispersed on mountain inselbergs (600--700 m above the sea level). Similarly, in the Amazon state of Para (**Figure [1A](#F1){ref-type="fig"}**) canga occupies only 2 or 3% of natural clearings on iron rocks of the Carajas mountains, approximately 90 km^2^, with the surrounding area covered by dense tropical forest ([@B45]).

![**Canga (A) Location of canga inselbergs investigated in Carajas and IQ.** Map generated and reproduced from Google Maps. Green indicator ([@B45]), red indicators ([@B29]), violet indicator ([@B66]); blue indicator ([@B47]). **(B--H)** Photographs of canga taken in Crajas South Range, courtesy of Alexandre Castilho. **(I)** Mining operation in the Carajas region, courtesy of Alexandre Castilho.](fpls-05-00653-g001){#F1}

###### 

Comparison of iron based ecosystems in Brasil (canga) and Australia (bounded iron formations).

                              Canga in IQ                                             Canga in Carajas                 BIFs
  --------------------------- ------------------------------------------------------- -------------------------------- ---------------------------------------------
  Location                    Minais Gerais (MG), Brazil                              Para, Brazil ([@B45])            South-Western Australia
  *Longitude*                 19.30, 20.31 S ([@B29])                                 5.35, 5.57 S ([@B45])            25.30, 30.00 S ([@B18])
  *Latidude*                  43.00-44.30 W ([@B29])                                  50.01, 51.04 W ([@B45])          116.00, 122.15 E ([@B18])
  Approximate area            100km^2^ ([@B29])                                       90 km^2^ ([@B45])                --
  Spread across area/range    Area of 7200km^2^ ([@B29])                              Area of 4000 km^2^ ([@B45])      Across 700 km ([@B18] )
  Altidue                     900--2000 m ([@B29])                                    Max 620--660 m                   Max 700 m ([@B18])
  Climate                     Tropical sub-humid ([@B29])                             Tropical humid ([@B45])          Arid ([@B18])
  *Minimum temperature*       13--19∘C                                                19∘C ([@B45])                    3.8--7.5∘C ([@B18])
  *Maximum temperature*       24--28∘C                                                31∘C ([@B45])                    34-39∘C ([@B18])
  *Mean precipitation*        1500--1900 mm ([@B29])                                  1900 mm ([@B45])                 186--329 mm ([@B18])
  *Rain seasonality*          Yes ([@B29])                                            Yes ([@B45])                     Yes ([@B18])
  Soil characteristics\*      [@B40]                                                  [@B45]                           [@B36]
  *pH*                        4.7--5.15 ([@B40])                                      3.76--4.37 ([@B45])              4.22--5.97 ([@B36])
  *Mn (mg/kg)*                10 times higher ([@B40])                                Two times higher ([@B45])        4--20 times higher ([@B36])
  *Fe (mg/kg)*                20--40 times higher ([@B40])                            20--50 times higher ([@B45])     2--6 times higher ([@B36])
  *P(mg/kg)*                  10--20 times lower ([@B40])                             5--20 times lower ([@B45])       10 times lower ([@B36])
  Surrounding ecosystem       Atlantic rain-forest, Cerrado, rock outcrops ([@B29])   Amazonian rain-forest ([@B45])   Arid and Transition Rainfall Zones ([@B18])
  Plant Biodiversity\*\*\*    [@B29], [@B66], [@B47]                                  [@B45]                           [@B18]
  *Number of plant species*   353 ([@B26])                                            125 ([@B45])                     906 ([@B18])
  *Dominant genus 1*          Asteraceae ([@B26])                                     Fabaceae ([@B45])                Fabaceae ([@B18])
  *Dominant genus 2*          Poaceae ([@B26])                                        Euphorbiaceae ([@B45])           Myrtaceae ([@B18])
  *Dominant genus 3*          Orchidaceae ([@B26])                                    Myrtraceae ([@B45])              Poaceae ([@B18])
  *Dominant life form 1*      Herbs ([@B26])                                          Shrubs ([@B45])                  Shrubs ([@B18])
  *Dominant life form 2*      Shrubs ([@B26])                                         Herbs ([@B45])                   Herbs ([@B18])
  Presence of endemics        Yes ([@B29])                                            Yes ([@B45])                     Yes ([@B18])

\*Aproximate diffrences in element composition when compared to standard soil (

Reganold et al., 2010

). \*\*Dominance calculated based on number of species.

Canga-like areas, characterized by the presence of ironstone, ferricrete soils, are not restricted to Brazil; however, in other parts of the world they would be recognized under a different name. Canga-like habitats, refered to as banded iron formations (BIFs) have been reported in South-Western Australia ([@B19], [@B18]; **Table [1](#T1){ref-type="table"}**). Similarly to canga, BIFs form isolated inselbergs (some 700 km apart) on tops of mountains and are characterized by high local and regional diversity. As canga they are endangered by the mining industry and their restoration provides a major challenge ([@B19]).

ENVIRONMENTAL FORCES THAT SHAPED CANGA BIODIVERSITY
===================================================

The canga ecosystem has been shaped by 1000s of years long evolution process that gave rise to communities thriving in unique and severe environmental conditions. As is the case with other mountain top outcrops, the canga biome had to adapt to high ultraviolet (UV) exposure, high daily temperatures, rapid water loss, strong winds and poorly developed soil cover ([@B29]). High transpiration and low soil retention capacity challenges plants during periods of drought, even during the wet season. In addition to canga soils being shallow, acid (pH∼4.0, in comparison to pH∼7.0 of for the optimal agricultural soils) and nutritionally poor, they also contain toxic levels of aluminum and heavy metals (**Table [1](#T1){ref-type="table"}**). More specifically canga substrates contain little phosphorous (P), magnesium (Mg), and calcium (Ca) but plenty of iron (Fe) and manganese (Mn; [@B67]; [@B46]; [@B55]). Copper (Cu), nickel (Ni), zinc (Zn), chromium (Cr), and lead (Pb) accumulation has been also reported in plant samples harvested from the canga outcrop ([@B48]; [@B54]). Importantly metal toxicity is aggravated by low pH, which increases metal mobility and so accessibility for plant uptake, e.g., under low pH iron is released from otherwise insoluble ferric oxides ([@B42]).

Adding to the severe abiotic conditions, the floral composition of canga is also a result of mineral and topographical heterogeneity giving rise to distinct microhabitats within canga (e.g., [@B29]; [@B66]). Iron-rich substrates may be totally fragmented or form a thick, solid crust. Cliffs, caves, grassland, rock fields, cracks in rock crevices, depressions, temporary or permanent ponds, temporally flooded areas all are part of canga. Finally canga biodiversity is affected by the surrounding ecosystems ([@B24]); in Carajas canga constitutes an enclave within an Amazonian forest whilst in IQ canga is located in the transition zone between the Cerrado and Atlantic Forest.

To summarize, harsh environmental conditions have supported evolution of hardy and often unique plants that can thrive in dry, metal rich but nutrient poor soil. High biodiversity is a result of canga being not one but rather a conglomerate of distinct microhabitats. It is dispersed along mountain tops rather than being a continuous habitat, and high biodiversity of the surrounding ecosystems.

PLANT BIODIVERSITY PORTFOLIO
============================

Canga is home to 100s of plant species ([@B26]). Close to 500 have been reported so far, sampled from only a small percentage of the total area occupied by canga. Three taxonomic studies published for the IQ ([@B29]; [@B66]; [@B47]) and one for the Carajas Mountains ([@B45]) will be referred to here.

Looking at plant species several characteristics emerge. Firstly, canga floristic composition significantly differs from the neighboring ecosystems. When compared with the Atlantic and Amazonian forest ([@B45]; [@B47]) the difference is obvious at first sight; canga landscape resembling savanna covered by shrubs and herbaceous plants with few trees and associated crawlers (**Figures [1B--H](#F1){ref-type="fig"}**). Thus not surprisingly, 80% of species identified in canga was also found to be canga exclusive in comparison with the Atlantic forest, swamp and riparian forest ([@B47]). Less obviously, the canga floristic composition also differs from other rocky outcrops present in IQ. A comparison of the 16 most represented angiosperm families found in sandstone and canga rocky outcrops revealed significant differences. For instance, whereas Solanaceae and Verbenaceae species are absent in the sandstone inselbergs they are abundant in canga. The opposite being true for Eriocaulacea and Xyridaceae angiosperms ([@B25]).

Secondly, canga is characterized by high beta diversity, which refers to the differences measured between distinct canga inselbergs ([@B29]). In their work [@B29] investigated two sites approximately 32 km apart. Out of 235 fern and angiosperm species only 27% were common for both sites. Even less overlap is found between the three studies from IQ, cangas 100s of kilometers apart. Only two species were identified in all studies and 18% were shared between any of the two. And so not surprisingly, the plant composition in the Carajas mountains, 1000 km away, shares only seven species common with those found in the IQ.

Thirdly, canga is characterized by high alpha biodiversity, which refers to differences measured withing a single canga inselberg ([@B29]). High alpha biodiversity is strongly related to the presence of distinct microhabitats within canga; differences in the amount and composition of soil, and moisture being considered the main factors shaping diverse plant communities ([@B67]; [@B45]; [@B55]). A comprehensive study of [@B66] reported 358 plant species representing 70 angiosperm plant families, which is approximately 15% of all known angiosperm families world-wide. Researchers examined and described four distinctive canga microhabitats. The majority of the plant species were found on so-called "grassy fields," which as the name implies, form homogenous, in appearance, sea of grasses and sages mixed with subshrubs and shrubs, and growing on a fragmented iron crust. In contrast "rocky fields" represent more an alpine like ecosystem characterized by the diversity of perennial and annual herbs (both monocots and dicots) growing in rock crevices formed on a solid iron crust. Noteworthy, endemic species: cactus *Arthrocereus glaziovii*, bromeliads *Consimilis dyckia* and *Vriesea minarum*, orchid *Oncidium gracile*, *Sinningia rupicola*, and legume trees *Mimosa calodendron* are all found in the open "grassy" or "rocky" fields ([@B26]). In places with deeper substrate and more organic matter forest islands are established with small tree species and shrubs covered with crawlers and epiphytes. Last microhabitat represents an area disturbed by human activity and is mostly similar to the grassy fields albeit with only one fourth of the species richness. Remarkably more than 60% of the plant species (235 out of 358) were unique to the given microhabitat and only five were present in all of them. This kind of microhabitat specificity was also reported by [@B29] and [@B45]. Examples of other microhabitats found in canga and described by [@B29] include small permanent rock pools inhabited by unicellular and filamentous algae, ponds formed during the wet season in shallow depressions and covered with rare monocotyledonous plants from the Eriocaulon genus, entrances of small caves underneath iron crust providing shade and humidity for mosses and delicate herbs.

Finally, it was demonstrated that the exact floristic composition of canga could vary between dry and wet seasons ([@B45]; [@B55]). However, canga is home to relatively few annual plants ([@B26]), partial or complete loss of aboveground organs is a common adaptation to dry season ([@B29]).

To our knowledge and to date, canga diversity was estimated exclusively based on taxonomic identification, which may lead to both under- or over-estimation ([@B17]), the first being more common. To illustrate the point, suffice to mention a recent work of [@B43]. Analysis of genomic and mitochondrial regions of the millipede species from the Australian BIFs pointed to the long-term isolation of distinctive populations, inhabiting remote inselbergs, and so the need to place each population into a separate conservation unit.

When looking at individual species canga biodiversity may seem overwhelming. However, there is uniformity when looking at vegetation type and plant families. In general canga vegetation can be described as rocky, ephilitic (growing on stone), shrub dominated with large number of sedges, grasses, and orchids. Plant species are evenly distributed between shrubs, subshrubs, herbs, and epiphytes. Trees and crawlers are by far less diverse ([@B26]). In terms of families the richest are Poaceae (grasses and sedges), Asteraceae (daisy like herbs), Fabaceae (legumes), Myrtaceae (subshrubs and shrubs), Melastomataceae (shrubs and small trees), and Orchidaceae (orchids; [@B29]; [@B66]; [@B45]; [@B47]). It is, however, important to mention that these families are not only rich in canga but also in other rocky outcrops ([@B25]), and they encompass 35% of the total ∼31000 angiosperm species reported in Brazil ([@B16]). Area-wise ironstone outcrops are dominated by shrubs, mainly dicots. Monocots register a large proportion of herbaceous plants (grasses and sedges) and subshrubs. Dicot herbs are represented by numerous species of relatively small population sizes ([@B29]). This general characteristic of canga outcrop is also shared with plant communities found in Australian BIFs (**Table [1](#T1){ref-type="table"}**); BIFs landscape being dominated by shrubs and herbaceous species from the Fabaceae, Myrtaceae, and Poaceae families (**Table [1](#T1){ref-type="table"}**), generously represented in canga ([@B18]).

Summarizing, canga ecosystems are characterized by high local and regional diversity. To date, 100s of plant species, some endemic, have been identified across diverse canga microhabitats and geographical locations. The total area of canga is estimated to be approximately 200 km^2^, of which approximately 1--2% was studied, pointing the need of additional investigation. Genomics tools can play a crucial role for the accurate estimation of genetic diversity.

CANGA AS SOURCE OF NEW METAL HYPER-ACCUMULATING SPECIES
=======================================================

To cope with the harsh environmental conditions canga plants developed a number of physiological adaptations, of which metal tolerance is by far the most interesting. Together with Australian BIFs, cangas may constitute one of few ecosystems worldwide to "mine" for plants adapted to high iron. We are reviewing the importance of this in this section.

Metallophytes, that is species that evolved on metalliferous soils, are commonly divided into those that can exclude metals and those that can accumulate or even hyper-accumulate metals in their shoots ([@B3]; reviewed by [@B30] and [@B33]). The first class represents majority of the species (\>95%) that evolved avoidance mechanisms to block metal uptake into cells or mediate metal eﬄux and storage into root vacuoles, far from the photosynthetic cells. In contrast few percentages of plants would undergo extensive adaptation that would allow them to accumulate one or few metals in their shoots, where they act as repellent for herbivores and pathogens ([@B5]). Metal transport from soil into plant shoot, complexation with organic compounds to reduce toxicity and sequestration inside vacuoles are the key processes considered for metal accumulation and tolerance ([@B30]).

Growing on metal rich soils canga plant community is considered a unique source "to mine" for novel metal hyper-accumulating taxa. Of these manganese and iron hyper-accumulators stand out for a number of reasons. (1) In contrast to several 100 known nickel, cadmium, and zinc hyper-accumulators, not more than 20 manganese hyper-accumulating species were reported to date ([@B14]). To our knowledge no iron accumulating taxa have been reported and studied. (2) Manganese and iron are essential plant micro-nutrients and their deficiency impacts plant yield ([@B37]). But in high concentrations, manganese and iron are toxic to plants ([@B35]). As the unraveling molecular mechanisms underlying plant iron and manganese homeostasis is considered key to address both deficiency and toxicity issues reported for the agricultural crops, hyper-accumulators can be considered a good tool. For instance, analogous to zinc hyper-accumulators ([@B30]), canga metallophytes are expected to encompass metal sensitive populations, which grow in ironstone outcrops along canga but in metal free substrate. Metal tolerant and metal sensitive populations within a species provide a great resource for genetic and molecular mining. On the one hand, recombinant inbred lines derived from parents differing in the trait of interest are the most common way to discover underlying QTLs. On the other hand, in system biology "omics" based analysis, differences in transcripts, proteins, and/or metabolites measured between tolerant and sensitive plants are good suspects behind observed phenotypes. (3) Soils with toxic levels of manganese are associated with mineral deposits but also with iron ore mining (strip mining generates manganese rich dust) and processing (steel industry uses big amounts of manganese). High concentration of manganese is toxic to plants but also to animals; in humans manganese poisons the nervous system resulting in Parkinson like symptoms ([@B62]). Because hyper-accumulators have the capacity to remove manganese from the soil they are considered a useful resource for phyto-remediation of post-industrial and post-mining areas ([@B68]). (4) Finally, as metallophytes, similarly to endemics, are unique to canga they are a priority for post-mining canga restoration (see below).

Despite the obvious interest, we found only two rather old studies reporting metal content of canga plants. [@B48] and [@B54] examined 24 canga plant species, both from IQ and Carajas, for foliar concentration of Mn, Ni, Cr, Cu, Pb, and Fe. Twenty of the investigated specimens accumulated single or several metals in levels several times higher than "standard reference plant." Although this is not enough to classify them as a hyper-accumulators ([@B65]) it is a good start for further canga research. Most interestingly, seven of the examined species accumulated at least double the iron or manganese leaf concentration of standard reference plants (**Figure [2](#F2){ref-type="fig"}**). Two more species accumulated iron and one more manganese in roots but not in their leaves (**Figure [2](#F2){ref-type="fig"}**). Concluding, studies of [@B48] and [@B54] demonstrate that canga plants have developed various strategies to cope with high iron and manganese concentrations, through exclusion, or through accumulation, providing justification for additional studies.

![**Canga plant species accumulating at least double the standard concentration of manganese (200 ppm) and iron (300 pm).** From [@B48] and [@B54]. Two entries given to one specie indicate populations collected in different area of occurrence.](fpls-05-00653-g002){#F2}

To summarize quoting [@B30]: "metal hyper-accumulators will be instrumental in the development of systems biology approaches toward an integrated understanding of plant metal homeostasis" and [@B13]: "to prevent continued biodiversity loss and to benefit from the unique adaptive mechanisms that exclude, tolerate, and even accumulate toxic metals in mine site rehabilitation, metallophytes must be recognized as vital asset at developmental stage of a mining operation." From this perspective identification of canga metallophytes appears an obvious direction to pursue.

OTHER PHYSIOLOGICAL ADAPTATION OF THE CANGA PLANTS
==================================================

Besides metal tolerance and similar to the Australian BIFs (**Table [1](#T1){ref-type="table"}**), canga plant community is known for its overall resilience to water scarcity ([@B29]). Rocky plant communities found in IQ are home to largest group of resurrection plants in Brazil, being able to tolerate almost complete desiccation by partial or complete loss of their above-ground organs during periods of severe drought. Less drastic adaptations include thick, waxy, imbricate leaves; guard cells sunken into pits; extensive and deep root systems; presence of water storing organs, e.g., pseudo-bulbs in orchids. Some plants, such as Clusa trees, are characterized by CAM photosynthesis, which allow them to keep guard cells shut during the day, by using night acquired CO~2~ stored in the organic acid malate. Slow growth rates of the canga plant species may be seen as yet another adaptation to water shortage. In stressful environments plants accumulate rather than spend their resources (carbon and water) in expense of growth, to avoid starvation if the conditions get worse ([@B58]).

CANGA, METABOLITES, AND MEDICINAL PLANTS
========================================

To our knowledge, there is not an adequate molecular understanding of the physio-morphological traits that allow canga plants to thrive in their stressful environment. Of course parallels can be made from model plants but particulars need investigation. The potential of interesting findings can be demonstrated by available metabolite data. Many of the IQ plant species, present also in canga, were investigated for their metabolite profiles. These plants were those with reported medicinal properties and metabolite analysis was performed to investigate plausible agents responsible for the observed therapeutic affects (**Table [2](#T2){ref-type="table"}**). Although these studies did not aim at understanding plant physiology, they revealed a richness of secondary metabolites associated with IQ ecosystem, with some of the compounds being well known for their involvement in plant stress responses. For example flavonols play a role in oxidative stress associated with drought and high UV ([@B57]) and past findings point to role of anthocyanin in metal complexion ([@B23]). Based on existing data, we believe that more comprehensive metabolite profiling of the canga plant species will shed light on the environmental adaptation of this unique rocky outcrop.

###### 

Examples of secondary metabolites found in plant species from Minas Gerais (MG) and identified in canga outcrop by [@B29].

  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Metabolite class    Example of compounds                                                  Plant species                                                                                                                    Reference
  ------------------- --------------------------------------------------------------------- -------------------------------------------------------------------------------------------------------------------------------- -----------------------------------------------------------------------
  Terpenoids          Thymol, myrcene, cymene, terpinene, parthenin, beta-bisabolene        *Lippia gracilis, Lantana camara, cabralea canjerana, Copaifera langsdorffii, Lychnophora pinaster, Eremanthus erythropappus*    [@B22], [@B53], [@B60], [@B1], [@B12], [@B15], [@B49], [@B56], [@B69]

  Phenylpropanoids\   Catechin, methoxyflavanones, safrol                                   *Myrsine umbellata, Marcetia taxifolia, Tripodanthus acutifolius, Trixis vauthieri, Lychnophora pinaster, Ocotea cf.pulchella*   [@B52], [@B22], [@B59], [@B32], [@B1], [@B44], [@B34]
  Flavonoids                                                                                                                                                                                                                 

  Alkaloids                                                                                 *Psychotria vellosiana*                                                                                                          [@B41]

  Carotenoids         Lutein                                                                *Myrsine umbellata*                                                                                                              [@B44]

  Others              8-Methoxylapachenol, steroids, grifolin, grifolic acid, piperogalin   *Sinningia allagophylla, Lychnophora pinaster, Peperomia gallioides*                                                             [@B31], [@B22], [@B1], [@B4]
  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Touching upon medicinal plants, it is interesting to mention the small tree *Pilocarpus microphyllus* (popular name jaborandi) endemic to Brazil and found in Flona de Carajas, where its associated with forest clearings and poor soils such as those present in canga. Leaves of Pilocarpus are collected by local communities and sold to pharmaceutical companies as source of the FDA approved anti-glaucome drug Timpilo ([@B8]). The main constituent of Timpilo is pilocarpine, an imidazole alkaloid inaccessible for cheap organic synthesis. To avoid irreversible depletion of the wild population, pilocarpine collection is regulated by the environmental agencies. Because of its value for the local community jaborandi is considered one of the key plants for post-mining re-vegetation. Unfortunately, when cultivated Pilocarpus gives low levels of pilocarpine. It is thought that one of the reasons for this is the lack of environmental stressors (e.g., metals or low soil pH) that boost pilocarpine production in the wild. We believe that the molecular understanding of pilocarpine synthesis would shed light on jaborandi adaptation to disturbed environments. In turn, this may result in income generation for local communities and the pharmaceutical industry, as well as environmental benefits arising from more effective conservation and restoration practices of the mining industry.

HOW TO PROTECT AND RESTORE?
===========================

In 1992 during the Earth Summit in Rio de Janeiro, the Convention on Biological Diversity (CDS) was signed to help creating legislation for biodiversity protection. Mineral rich regions present a serious dilemma for the CDS ([@B19]; [@B27]). On the one hand, they are home to unique ecosystems, often considered biodiversity hot spots. On the other hand the demand for metallic ores is growing rapidly and so is the number of mining permits, a trend that will continue in the future. Thus to sustain metalliferous ecosystems, while at the same time ensuring satisfactory returns from the mining activities compromise must be made. As long-term outcomes of any restoration efforts cannot be predicted (see below), it is indisputable that parts of canga must be protected; exactly how much is a subject of debate. In Brazil state protected reserves, which are exempted from mining rights, cover relatively small part of mineral regions. In MG 39 km^2^ of canga lies within borders of Serra do Rola Moca State Park ([@B28]). In Carajas, iron ore is locked in two mountain ranges called Serra Sul and Serra Nord located at the territory of Natural Reserve Park, Flona de Carajas. Mining already takes place in Serra Nord (**Figure [1I](#F1){ref-type="fig"}**), and a new mining complex in Serra Sul, S11D, is planed to start producing in 2016. Importantly, parts of S11D will be exempted from mining, as a result of heavily negotiated agreements between environmental agencies and the mining company. For instance, of the 187 iron-stone caves 152 will be fully protected ([@B63]). Moreover protection belt between mountain lakes, do Violão and do Amendoim, and the mining operation is planned to protect lakes and surrounding canga outcrop (**Figures [1C,D](#F1){ref-type="fig"}**).

In mining areas where protection is not possible ecosystem restoration is a legal requirement. In Brazil to obtain or renew mining permits, companies need to submit area restoration plans to be implemented upon mine closure. These include a plethora of steps that preceded the closure and sometimes even mining itself (see below). Moreover actions mitigating ecosystem destruction during mining operation need to be included. For example, as part of the compromise with the environmental agencies, a number of technological solutions have been implemented in the S11D Carajas complex, such as, truckless, conveyor belt operated delivery of the iron ore from the mining site to the processing plant outside Flona de Carajas reserve ([@B63], [@B64]). It is noteworthy that no such or similar solutions where required from mining companies, when exploitation started 30 years ago in Serra Nord. Similarly, in the past, it was legally acceptable to rehabilitate exhausted mining areas with plant cover from any available plant species (see [@B21] for the early re-vegetation strategies of iron mines in IQ). Nowadays the aim is to restore ecosystems relying exclusively on native taxa.

The dependence of canga on the unique biotic components mentioned earlier, makes restoration a difficult task. Iron ore open air mining is aggressive. Ironstone outcrops and associated biota are striped, so the iron ore deposits can be accessed with the subsequent excavation reaching even 300 m in depth. The landscape left at the end of the mining operation has an erased geographical topography, no previous terrain structure, biotic, and abiotic components left. Hydrology can be seriously disturbed due to changes in water table and erosion ([@B6],[@B7]). Despite these considerable difficulties, principal restoration steps do not differ when compared with recovery of other post-mining areas, and will be listed keeping canga in mind. (1) As mentioned previously, restoration goals are set before the mining begins and long before it ends. (2) Careful ecosystem reviews (e.g., [@B26]) are used as restoration guidelines. Species information is collected together with habitat information (e.g., soil composition; for canga see, e.g., [@B45]; [@B40]) and used for ecological modeling (reviewed by [@B39]; [@B61]) to delineate and visualize relations between organisms (for canga seem, e.g., [@B2]; [@B28]; [@B26]). Based on the above, priority species and interactions are selected. For instance, detailed analysis of the angiosperm composition identified the following species as priority for canga recovery in IQ (1) grass *Andropogon ingratus* small shrub *Lychnospora pinaster,* and sedge *Bulbostylis fimbriata* as most abundant in terms of individual number and total area occupied (2) *Mimosa calodendron* as nitrogen fixing nursery taxa (3) Vellozia species for their metal tolerance and accumulation mechanisms (see previous section on metallophytes; [@B28]). Plants used by indigenous communities such as *Pilocarpus microphyllus* and endemic species such as *Arthrocereus glazowii* have been also considered as a priority. (3) Mining areas are prepared so as to minimize deforestation, e.g., as in the S11D complex by shifting all the ore processing and tailings outside Flona de Carajas territory. (4) Topsoil removal and storage is now being practiced, as it contains seed banks and associated micro-biomes, and was proven to be top priority for ecosystem restoration ([@B9]). For instance, work of [@B51] demonstrated successful growth of 14 out of 15 tested canga herbaceous, shrubby, and woody species, over the period of 42 months, using topsoil salvaged from iron ore mining sites in MG. Another published example is a pilot study done for a new iron-ore mining complex in IQ, called Minas Rio ([@B38]). Flora rescue operations from canga areas to be mined salvaged 45 plant species belonging to different families and life forms that were subsequently introduced together with 5 cm of top-soil to a different location. After a period of approximately 3 years almost 2000 individuals representing 38 plant species were recorded. Noteworthy, the majority of the species, such as the already mentioned sedge *Bulbostylis fimbriata, were* successfully reproduced within the experiment duration. Since 2010, a further 108 plant species have been rescued by the Minas Rio operation. (5) Landscape architecture to stabilize slopes and restore some of the original topography is also required to recreate functional ecosystem, as for example in case of Germano mine in MG (see below; [@B6]) (6) Re-vegetation using available planting material. As described above, many canga species can be successfully rescued before mining begins and subsequently cultivated *ex situ* awaiting restoration. Seeds and plantings obtained from *ex situ* collections constitute the obvious starting material for re-vegetation. (7) During the early phases of restoration applying fertilizers and using chemical means to deal with invading plant species and a plethora of pests is often required. Introducing native legumes to fix nitrogen is not uncommon. (8) Monitoring criteria, which are essential to assess restoration progress, are usually decided at the early operation stages ([@B9]). Soil organic matter content and species richness are traditionally used, physiological parameters ([@B10]), nowadays more and more accessible from the aerial photographs (e.g., ground cover, rate of biomass increase, chlorophyll content), are, however, increasingly more popular.

An often cited example of a successful restoration effort is the Jarrah forest in Western Australia (reviewed by [@B20]). Within 50 years of the mining operation closure the original ecosystem, with more than 700 native plant and 200 animal species, has been reproduced and nowadays is considered fully self-sustainable. It demonstrates that restoration is possible, where all involved parties commit to their obligations, main fear of the environmentalists. In Brazil, two examples of recently closed iron ore mines are Aguas Claras and Germano in MG ([@B6]). Due to its location, area of Aguas Claras will be used to build a small town neighboring a new lake created in the depleted mining pit. In contrast, the Germano pit closure focuses on environmental rehabilitation; extensive landscape architecture being carried on at the moment. Closure time for the Minas Rio (MG) and S11D (Carajas), new projects that include canga restoration planing, is envisaged only in 30--40 years, respectively. As it is very long time before it will be possible to evaluate restoration success, and as mentioned before, the need of canga protection remains indisputable.

SUMMARY, CANGA, AND MEANING OF BIODIVERSITY IN THE NEW MILLENNIUM
=================================================================

Although very small in size canga demonstrates biodiversity challenges of the ongoing Millenium. Due to its unique setting, canga significantly contributes to regional and global biodiversity. And as such is seen as a holy grail by conservationists and a treasure box by biologists. Laying on mineral deposits canga is, however, threatened by human activities, presenting an important dilemma between biodiversity and economical gains, ever more acute in the current millennium, with the human population and its prosperity rapidly growing. The difficult comprise between human economic activities and biodiversity is simply unavoidable. Protect and restore discussions are not easy and new concepts, such as environmental offsets, are emerging. Hopefully the current Millennium will bring new solutions to biodiversity preservation as it brings challenges. "The future is unknown but it can be invented."
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